Abstract: This paper reports a tunable in-plane optofluidic lens by continuously tuning a silicone oil-air interface from concave to convex using the dielectrophoresis (DEP) force. Two parallel glasses are bonded firmly on two sides by NOA 81(Norland Optical Adhesive 81) spacers, forming an open microfluidic channel. An ITO (indium tin oxide) strip and another unpatterned ITO layer are deposited on two glasses as the top and bottom electrodes. Initially, a capillary concave liquid-air interface is formed at the end of the open channel. Then the DEP force is enabled to continuously deform the interface (lens) from concave to convex. In the experiment, the focal length gradually decreases from about −1 mm to infinite and then from infinite to around + 1 mm when the driving voltage is increased from 0 V to 260 V. Particularly, the longitudinal spherical aberration (LSA) is effectively suppressed to have LSA < 0.04 when the lens is operated in the focusing state. This work is the first study of in-plane tunable lenses using the DEP force and possesses special merits as compared to the other reported tunable lenses that are formed by pumping different liquids or by temperature gradient, such as wide tunability, no need for continuous supply of liquids, low power consumption (~81 nJ per switching) due to the capacitor-type driving, and the use of only one type of liquid. Besides, its low aberration makes it favorable for light manipulation in microfluidic networks.
Introduction
Optofluidics seamlessly integrates optics and microfluidics in a single chip to make full use of the advantages of both [1] [2] [3] .It utilizes liquid as optical medium to replace conventional solid material, which enables unprecedented merits such as wide tunability of refractive index (RI), reconfigurability and easy integration with lab-on-a-chip systems. A variety of optical components have been demonstrated in optofluidics, such as light sources [4, 5] , optical waveguides [6, 7] , gratings [8, 9] The previous in-plane liquid lenses can be generally classified into two types: refractive lens and gradient index lens (GRIN lens) [24] . The former is often formed by laminar flow streams of immiscible liquids. The optically smooth fluidic interface can be utilized to focus the beam without significant scattering loss. The curvature of the interface can be modified by controlling the flow rate, thereby changing its focal length. Fang et al. demonstrated a hydrodynamically reconfigurable optofluidic lens using flowing streams, in which the liquid of high RI acts as the core and the other one of low RI as the cladding [25] . They demonstrated the tuning of the liquid lens from biconcave to biconvex by adjusting the flow rate. On the other hand, the GRIN lens is achieved by concentration diffusion or thermal gradient, in which a specific graded index profile can be obtained in microscale for light manipulation. Mao et al. proposed a Liquid Gradient Refractive Index (L-GRIN) for focusing light in a microfluidic chip [26] . They utilized the diffusion of CaCl 2 solution between sideby-side laminar flows to establish a hyperbolic scant (HS) RI profile. By precisely controlling the mixing between ethylene glycol and deionized water in an optofluidic chip, a low spherical and low field curvature aberrations lens was demonstrated by Ai Qun Liu's group [27] .The thermal gradient can also be employed to form GRIN lenses. We presented a thermal lens for beam shaping based on laser-induced thermal gradient [28] , which enables fast tuning and remote control. However, the above mentioned optofluidic lenses rely on the continuous flows, which require a lot of solution and external pumping. The complex structure and the continuous supply of liquids may limit the application of the optofluidic components.
Electrostatic force has also been widely used for adaptive liquid lenses [29, 30] . According to the working principle, they can be classified into electrowetting lens [31] and dielectrophoresis (DEP) lens [32] . In the electrowetting lens, an external voltage is applied to modify the contact angle between the liquid and the lateral sidewall of the liquid container, thereby changing the droplet curvature as well as the focal length [33] . Real-time modulation of the focal length can be achieved by changing the applied voltage. And the DEP exerts a net force on the fluidic interface to drive the liquid of greater permittivity into the strong electric field region originally occupied by the medium of smaller permittivity [34] . Most of the previous electric liquid lenses are out-of-plane lens, like the conventional solid lens, the beams are manipulated in the direction perpendicular to the microfluidic substrate [35] [36] [37] [38] . They have been used to replace the conventional solid lenses in some specific circumstances. But the poor compatibility of the out-of-plane lenses limits their application in microfluidic networks.
This paper proposes a new type of in-plane optofluidic lens actuated by the DEP force (also named as liquid dielectrophoresis [39, 40] ). In an open microfluidic channel, a thin layer of silicone oil is sandwiched between two glasses, one has a patterned straight strip as the top electrode and the other has a uniform ITO layer as the bottom electrode. Initially, a concave liquid-air interface is formed at the end of the open microchannel by capillary flow [41] . Then, the electric field exerts a net DEP force to continuously modify the liquid-air interface as well as the focal length. Cross-sectional view of the lens, which has a top electrode (at the center of the channel) and a bottom electrode, the liquid layer is sandwiched by the two glasses bonded and spaced by two NOA 81 adhesive strips.
Working principle
The schematic design of the reconfigurable DEP liquid lens is shown in Fig. 1 . Two MgF 2 glasses are used as the top and bottom, which are bonded firmly by two NOA 81 strips, forming an open channel (length 10 mm, width 0.6 mm, height 55 μm). Silicone oil (n = 1.405) is chosen as the optical medium, which can be easily filled into the open channel by the capillary force. The cross-section view in Fig. 1(b) shows that an ITO strip (width 400 μm, thickness 100 nm) is deposited on the top glass as the anode and an ITO thin layer (thickness 100 nm) on the bottom glass as the ground. In the initial state, a concave interface (indicated by the dashed line in Fig. 1(a) ) is formed at the end of the channel, resulting in a divergent lens. When a DC voltage is applied to the device, an electric field is generated in between the two glasses. According to the liquid dielectrophoresis, the DEP force drives the silicone oil (ε silicone = 2.5) into the air region. As a result, the liquid-air interface is deformed into a convex shape (blue liquid in Fig. 1(a) ). The curvature of the interface can be continuously tuned by changing the applied voltage. To visualize the lensing effect, a collimated probe beam (waist diameter 400 µm) is coupled into the liquid layer from left to right (i.e., from air to liquid in Fig. 1(a) ) using a pigtailed aspheric fiber collimator (CFS2-532-FC, beam divergence 1.75 mrad, Thorlabs).
The DEP force exerted at the liquid-air interface between two parallel plates can be expressed as [39, 40] 
where ε 0 is the permittivity of vacuum and ε L is the relative permittivity of the liquid. And w is the width of the ITO strip and dis the gap between the two glasses. It is noted that the DEP force is dependent on the dielectric property of liquid and the applied voltage.
The pressure drop at the liquid-air interface can be described by the Laplace law [42] 0 10 20
here γ is the surface tension between silicone oil and air, and κ is the mean curvature of the liquid-air interface. R 10 (in horizontal) andR 20 (in vertical) are the principal curvature radii of a point at the interface. The liquid-air interface is assumed to be spherical, which will be validated by the experiment later. Initially, the capillary force in the microchip is balanced.
When an external voltage is applied, it changes the curvature as well as the pressure difference. As the surface property of the top and bottom surfaces is constant, R 20 keeps unchanged [42] . The pressure variation is 1 0 11 20 10 20 11 10
It implies that the pressure variation only depends on the horizontal curvature radius. Because the extra pressure difference is induced by the DEP force, they should be equivalent [40] . Thus ( )
where w 0 and d 0 are the width and height of the channel, respectively. Therefore, the curvature radius of the interface under new equilibrium can be calculated by Eqs. (1-4) .In a spherical liquid-air interface, the focal length of the paraxial rays is described by
here n is the refractive index of the liquid and R is the curvature radius of the interface. The light strikes on the interface from the air. In spherical lens, there is a longitudinal shift of focal length for the paraxial rays and the marginal rays. It is longitudinal spherical aberration (LSA) [43] . For example, in a convex lens, the marginal rays are focused closer to the lens, leading to a positive LSA value. In this paper, the edge pinning effect is used to suppress the LSA. More details will be presented below.
Experimental and simulated results

3.1Liquid-air interface measurement and ray tracing simulation
Experiments were conducted to demonstrate the DEP-actuated liquid lens. At first, a small amount of silicone oil was placed at the inlet of the open channel. Due to the capillary force, the liquid automatically flowed into the channel and stopped at the other end of the channel, resulting in a concave liquid-air interface (see Fig. 2(a1) ). The initial liquid-air interface matched closely aspherical curve (red dashed line) with a radius of −404 µm. Then a voltage was applied to the ITO electrodes, generating an electric field between the two plates. With the increase of voltage, the DEP force deformed the interface from initially concave to flat and then convex continuously. At 100 V, the magnitude of the interfacial radius became larger (see the dashed line in Fig. 2(a2) , the calculated radius is −574 µm and the DEP force is F e = 4.83 × 10 −7 N,). A flat interface appeared at 180 V (F e = 1.57 × 10 −6 N), see Fig. 2(a3) . Further increase of the voltage resulted in a convex shape. Figure 2(a4) exemplifies the interface under 260V (F e = 3.27 × 10 −6 N). It is noted that there is a deviation between the theoretical spherical curve (red dashed line) and the captured image (white dash-dot line) at the margin (see the enlarged view in Fig. 2(a5) ). It is because of the edge pinning effect, which constrains the liquid-air interface at the lateral side, resulting in a smaller curvature at the margin of the interface. A ray tracing simulation was conducted to theoretically analyze the focusing performance of the convex lens (see Fig. 2(b) ), showing that the parallel beams are well focused into a single point. This implies that the LSA is lower in the real liquid interface as compared to the ideal spherical interface. Detailed data will be presented below. 
Experimental analysis of the focusing performance
To experimentally trace the light path inside the microfluidic chip, the silicone oil was added with fluorescent dye Nile Red, which absorbs green light and emits fluorescence for easy visualization using the CCD imaging. Figure 3 presents the observed focusing states of the DEP-actuated liquid lens. A collimated probe beam (λ = 532 nm, waist diameter400 µm, optical power 10 mW) was coupled into the chip and propagated from air to silicone oil (i.e., from left to right in Fig. 3) . Initially (i.e., at 0 V), the interface was concave by the balance of the surface tension, working effectively as a divergent lens (see Fig. 3(a) ). Then an external voltage was applied to the two parallel plates, generating an electric field in the liquid layer.
The applied voltage was gradually increased from 0 V at a step of 5V. At 180 V, a flat interface appeared (see Fig. 3(b) ). It has no focusing effect on the collimated probe beam. With further increase of the voltage, the DEP force deformed the liquid-air interface into a convex lens, converging the beam to a focal point (see Fig. 3(c) ). By applying a voltage of 260 V, a minimum focal length of about 1 mm was obtained. Figure 3(d) shows that the beam is well converged into a focal point, matching the ray tracing simulation in Fig. 2(b) . For quantitative analysis, the relationship between the focal length and the applied voltage is plotted in Fig. 4 . To put the data of the divergent state (blue circles and blue line) and convergent state (black circles and black line) in one figure, they are plotted using different axes, as indicated by the arrows. When the voltage increases from 0 V to 180 V, the focal length declines from −1 mm to infinite (top and right axes). When the voltage is further increased, it turns into a convex lens. The focal length gradually decreases from infinite to about 1mm (at 260 V). In Fig. 4 , the lines represent the calculated focal length (paraxial beam) and the data points are the experimental results. Each data point is an average of five independent measurements. The experimental result is in good agreement with the theoretical predication. Therefore, the spherical approximation provides a reliable way to predict the focus performance of the DEP-actuated optofluidic lens.
Due to the edge pinning effect, the contact line is partially pinned at the terminal of the open channel. This pinning effect reduces the marginal curvature (when it turns into convex), thereby suppressing the LSA. Figure 5 displays the comparison between the LSAs of the ideal spherical lens and the experimental lens. Here the LSA is represented by Δf/f, where f is the focal length of paraxial rays and Δf is the difference of focal lengths between the paraxial rays and the marginal rays. For the ideal spherical lens, the LSA is always positive and looks significant at short focal length (see black squares and black line in Fig. 5 ). With the increase of focal length, the LSA drops monotonically. In contrast, the experimental interface has a negative LSA at short focal length and approaches the trend of the spherical lens for f> 2.8 mm. The color section in Fig. 5 indicates that the LSA of the experimental interface is limited to the range of −0.03 ~ + 0.04 (maximum magnitude 0.04), while that of the spherical interface is over + 0.01 ~ + 0.135 (maximum magnitude 0.135). The experimental interface has much smaller magnitude of LSA than the spherical interface. This implies that the suppressed LSA is an intrinsic merit of the DEP-actuated liquid lens. The two insets in Fig. 5 illustrate the LSAs of the spherical and experimental interfaces, respectively. In the spherical interface, the marginal rays are focused closer to the interface, this is the reason for the positive value of LSA. In the DEP-actuated convex liquid-air interface, the marginal rays cross each other just behind the paraxial focal point, leading to a smaller but negative value of LSA. The power consumption can be estimated by treating the device as a parallel-plate capacitor. The measured resistance of the device is > 500 MΩ, showing its good insulation. The open channel has the dimensions 10 mm × 0.6 mm × 55 μm (L × W × H), and the silicone oil has the relative permittivity of 2.5, then the capacitance of the device is about 2.4 pF. In one charging process from 0 to 260 V, the consumed electrical energy is estimated to be 81 nJ per switching process, well showing the merit of low power consumption of this device.
We also investigated the hysteresis and the durability of the device. It is observed that the interface shapecan be well restored to its original state after the driving voltage is changed and then returned to the original value. Therefore, the device has very good repeatability and negligible hysteresis. It has also very good durability. Continuous operation for about one month has been demonstrated in the experiment, with little change of the focusing properties. This may be due to the low evaporation of the silicone oil in air.
The only problem is the slow response. The response time depends on the magnitude of the voltage variation. For instance, it takes about 4 s to switch from the initial concave state to the convex one with the shortest focal length and then stabilize in the final state. And the response is continuous, i.e., it goes continuously from the initial state to the new balanced state when the voltage experiences a step change. The width of the channel has significantly influence on the "response time". This is because there are two forces (i.e., the DEP force and the surface tension from the lateral sides) that play important roles in the lens system. A broad channel leads to a slow response. Another factor is the viscosity of the liquid, which describes the resistance to the deformation of liquid. The liquid with higher viscosity moves slower. 
Conclusion
In summary, a DEP-actuated reconfigurable optofluidic lens has been demonstrated for inplane light manipulation. It utilizes the DEP force to continuously modify the fluidic lens from concave to convex. The proposed liquid lens has some intrinsic merits: low power consumption (~81 nJ per switching), easy fabrication, static liquid flow (low liquid consumption) and wide tunability of focal length from negative to positive. The low evaporation rate of the silicone oil makes the liquid lens stable and well repeatable. More importantly, the longitudinal spherical aberration of the convergent lens is effectively suppressed (the magnitude of measured LSA is below 0.04). There are also some limitations of the proposed lens. For example, it takes about 4s to switch from the initial concave state to the convex one with the shortest focal length; and it needs to be located at the end of the channel. Nevertheless, the simple design and the flexible tuning method make it suitable for microfluidic network integration and potential applications in lab-on-chip systems. 
